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Background: Time–frequency analysis of the electrocardiographic QRS complex (QRS) has not been uniformly ac-
cepted.We investigated this newmethod of analysis and evaluated its clinical signiﬁcance in patients with ische-
mic cardiomyopathy (ICM) and with myocardial infarction (MI).
Methods: The study population included 71 consecutive patients with MI, 32 with ICM, and 40 healthy individ-
uals.We recorded 12-lead electrocardiograms through a band pass ﬁlter (0.15–300Hz) and applied a continuous
wavelet transform (CWT) to measure the time–frequency power within the QRS in leads V1 or II. Integrated
time–frequency power (ITFP) between QRS complexes was measured to quantify the wavelet-transformed
ECG signals (WT-ECG signal), which were classiﬁed into three frequency zones: low-frequency QRS (LF-QRS,
5–15 Hz), mid-frequency QRS (MF-QRS, 15–80 Hz) and high-frequency (HF-QRS, 150–250 Hz). In addition, we
explored the relationship between the frequency power within the QRS and the density of ﬁbroblasts using a
computer simulation.
Results: The ITFP valueswere lower inMF-QRSband inpatientswith anterior or inferiorMI, butwere signiﬁcantly
greater in LF-QRS andHF-QRS bands of ICM patients than in other groups. In the simulation study, the ITFP values
from pseudo-QRS increased in the HF and LF zones if the ﬁbroblast–myocyte ratio (r) was between 1.0 and 2.5.
Conclusions: TheQRS frequency proﬁlewas characterized by an increase inHF-QRS in ICM,whichmight be due to
the generation of micro-ﬁbrous tissues in local areas of the cardiac ventricles.
© 2014 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
The standard 12-lead electrocardiogram (ECG) has generally been
recorded with a frequency range from 0.05 to 150 Hz and a sampling
rate of 500 Hz [1]. The study of frequency analysis of the QRS complex
(QRS) began with Langer's report in 1952, which originally highlighted
the high frequency elements (150 Hz or more) within the QRS complex
[2]. Increased high-frequency notching and slurring during the QRS
(high frequency components) have been observed using high-ﬁdelity
equipment in patients with coronary heart disease [3,4]. High-
frequency power within the QRS complex (HF-QRS) was later studiedas supported by a grant from
red none.
81 45 971 9695.
i).
and Ltd. This is an open access articleusing signal-averaged electrocardiography (SAECG), which allowed an
improved signal-to-noise ratio [5]. The root-mean-square high frequen-
cy QRS potential, ranging from 80 to 300 Hz, decreased in post-
myocardial infarction patients [6,7]. Another diagnostic representation
of HF-QRS is a reduced amplitude zone (RAZ) that is more sensitive in
the detection of ischemic heart disease than in the analysis of ST seg-
ments [8,9]. Spectral analysis using short-time Fourier transform
(STFT) has been used to predict ventricular arrhythmias – for example,
using turbulence analysis [10] – and to detect intra-QRS electrical tran-
sients [11]. Time–frequencymethods that can be used for electrocardio-
graphic signal analysis include STFT and the modiﬁed Wigner
distribution [12,13].
Until now, the diagnostic signiﬁcance of QRS frequency analysis has
not been uniformly accepted, despite the various attempts above. There
may be several reasons for this. First, there are technical limitations to
the analysis of both frequency and time domains at higher resolutions.
Second, the quantitativemeasurement of time–frequency powerwithinunder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Characteristics of the patients.
Ant. MI Inf. MI ICM p Value
Patients (n) 37 34 32
Age (year) 66.9 ± 11.3 67.8 ± 11.2 71.8 ± 8.2 NS; Ant. or Inf. MI vs. ICM
Sex (M/F) 31/6 25/9 25/7 NS; Ant. or Inf. MI vs. ICM
EF (%) 46.3 ± 12.5 52.7 ± 9.3 31.0 ± 5.1 b0.001; Ant. or Inf. MI vs. ICM
LVDd (mm) 51.8 ± 7.4 49.5 ± 7.0 63.1 ± 8.2 b0.001; Ant. or Inf. MI vs. ICM
SVD (n) 24/37 (65%) 20/34 (59%) –
DVD (n) 4/37 (11%) 1/34 (3%) 11/32 (34%) b0.05; Ant. MI vs. ICM
b0.01; Inf. MI vs. ICM
TVD (n) 9/37 (24%) 13/34 (38%) 21/32 (66%) b0.001; Ant. MI vs. ICM
b0.01; Inf. MI vs. ICM
CK-MB (U/L) 277 ± 243 197 ± 143 271 ± 221 NS; Ant. or Inf. MI vs. ICM
BNP (pg/mL) 516 ± 618 377 ± 638 1438 ± 782 NS; Ant. or Inf. MI vs. ICM
Post-MI 6.2 ± 1.7 (days) 6.6 ± 1.5 (days) 39.6 ± 48.0 (months) b0.001; Ant. or Inf. MI vs. ICM
CABG (n) 1/37 (2.7%) 1/34 (2.9%) 12/32 (37.5%) b0.001; Ant. or Inf. MI vs. ICM
ICD (n) 0 0 6/32 (18.7%)
CRTD 0 0 3/32 (9.4%)
L-VA 3/37 (8%) 4/34 (12%) 12/32 (38%) b0.01; Ant. MI vs. ICM
b0.05; Inf. MI vs. ICM
Abbreviations: Ant.MI, anteriormyocardial infarction; BNP, brain natriuretic peptide; CABG, coronary artery bypass grafting; CK-MB, creatine kinase-MB; CRTD, cardiac resynchronization
therapy deﬁbrillator; DVD, double-vessel disease; EF, ejection fraction; ICD, implantable cardioverter deﬁbrillator; ICM, ischemic cardiomyopathy; Inf. MI, inferior myocardial infarction;
LVA, lethal ventricular arrhythmias; LVDd, left ventricular diastolic diameter; NS, not signiﬁcant; Post-MI, period after ﬁrst heart attack; SVD, single vessel disease; TVD, triple-vessel
disease.
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genesis of frequency power has not been clariﬁed.We attempted to ad-
dress these problems in the present study.
The continuous wavelet transform (CWT) is a new method for im-
proving the both the time and frequency resolutions compared with
STFT [12–14]. We applied CWT for the time–frequency analysis of the
QRS complex, and quantitatively evaluated the distribution of frequency
power within the QRS in patients with myocardial infarction (MI) and
ischemic cardiomyopathy (ICM). In addition, we performed an appro-
priate two-dimensional (2-D) computer simulation to examine the re-
lationship between the ﬁbroblast density and the genesis of HF-QRS.2. Methods and results
2.1. Patients and controls
We enrolled 71 consecutive patients with MI, 32 with ICM, and 40
healthy individuals (male, 72.5%; female, 27.5%; age, 52.4 ± 15.5 years)
who were free of cardiovascular diseases. The patients were admitted
to the coronary care unit of Showa University Fujigaoka Hospital or to
the Cardiovascular Center at Shin-Yamate Hospital with a diagnosis of
acute MI and/or MI plus recurrent heart failure (RHF). All patients with
MI or ICM underwent urgent percutaneous coronary intervention (PCI).
The diagnosis ofMIwas conﬁrmed by characteristic ST-segment changes
and assessment of peak serum creatine kinase (peak CK-MB) in the acute
phase. The patientswith ICMwere deﬁned as follows: 1) ejection fraction
(EF) ≤40% determined by cardiac catheterization; 2) a history of symp-
tomatic heart failurewithNewYorkHeart Association (NYHA) functional
class ≥ II; 3) at least two hospital admissions for RHF; 4) signiﬁcant ste-
noses (≥75%) of at least two coronary artery branches, and a history of
MI and/or coronary revascularization via either PCI or coronary bypass
grafting (CABG) [15,16]. Patients with the following conduction abnor-
malities were excluded from this study: 1)Wolff–Parkinson–White syn-
drome; 2) paced beats by an implanted pacemaker and pre-existing
bundle branch block, in which the excitation sequences in the heart are
different from those in the normal heart; and 3) successive abnormal
atrial excitation during QRS, such as persistent atrial ﬂutter and ﬁbrilla-
tion. The Ethics Committees at both Showa University Fujigaoka Hospital
and Shin-Yamate Hospital approved the study protocol and the patients
provided written, informed consent to participate in the study.2.2. Data acquisition system and time–frequency analysis
The ECGs were recorded for 20 s through a band-pass ﬁlter with
higher and lower edges of 300 Hz and 0.15 Hz, using an FDX-6521,
Cardio-Multi (Fukuda Denshi, Co. Ltd., Tokyo, Japan), 5 to 10 days
after PCI. The data were digitized using an A/D converter (16-bit so-
lution) at a sampling rate of 10 kHz (Model EC-2360; Elmec Co. Ltd.,
Tokyo, Japan), and saved as IMD ﬁles into a personal computer. CWT
was applied to the QRS time–frequency analysis, and time–frequen-
cy powers were calculated as we have previously reported [17–19].
Wavelet-transformed-electrocardiographic (WT-ECG) signals were
measured using PC software that we developed (BIOMAS for Wave-
let, version 3.0, Elmec Co. Ltd., Tokyo, Japan). The Morlet wavelet
was applied to measure WT-ECG signals with a wavelet function
consisting of 40 scale bands, corresponding to a target frequency be-
tween 5 Hz and 300 Hz. The time–frequency power was calculated
using the same formula reported in the previous studies [17–19].
Of the ECGs that were to be analyzed, we eliminated twelve percent
that had baseline drift and visual noise between U–P segments and
were judged inappropriate for frequency analysis by CWT. A single
QRS from a V1 chest lead was analyzed in patients with antero-
septal, localized anterior, and antero-lateral MI, whereas limb lead
II was analyzed in those with inferior, infero-lateral and infero-
posterior MI.2.3. Computer simulation
We investigated the effects of ﬁbroblasts on the frequency power
during QRS using a 2-D ventricular tissue model with diffuse ﬁbroblast
distribution, as described by Xie et al. [20]. Themodel is explained in de-
tail in the appendix. A 25-μm-thick 2-D tissue model was divided into
cubes with sides 25 μm long. One ﬁbroblast accounts for one box (one
unit), whereas a myocyte accounts for ﬁve boxes in a row. The total
size of the model was 400 × 400 units with 10 × 10 mm side lengths.
The long axes of myocytes were arranged in parallel and their common
direction determined the longitudinal ﬁber orientation of themyocardi-
al layer (see Appendix). Fibroblasts were randomly inserted between
myocytes. The amount of ﬁbrosis was speciﬁed by the ﬁbroblast–
myocyte ratio (r), which is the number of ﬁbroblasts divided by the
number of myocytes in the tissue.
Fig. 1.Wavelet-transformed electrocardiographic signals (WT-ECG) signals and their quantitativemeasurement. In the upper panel of this ﬁgure, the longitudinal axis indicates frequency
(Hz) and transverse axis time (ms), corresponding to the lower electrocardiogram (leadV1). Themiddle panel shows a three-dimensional representation of aWT-ECG signal (X-axis: time
course, Y-axis: frequency power, Z-axis: frequency). Abbreviations: ECG: electrocardiogram, ITFP: integrated time–frequency power, V1: unipolar chest lead V1.
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dressed in previous descriptions of 2-D tissue models [20]. There-
fore, we devised a method with which to measure the EMF
generated in the 2-D tissue model (see Appendix), based on the as-
sumption that the spatial gradient of the membrane potential is pro-
portional to the EMF density [21]. Fibroblasts do not generate EMF
since their membranes are “passive.” The total EMF, which is obtain-
ed by summing the scalar components of unit vectors derived from
small areas of ~1 mm width in the model, is considered to be an in-
stantaneous pseudo-QRS, and the time course of the pseudo-QRS
during the excitation process corresponds to a fraction of the QRS
in a human ECG.
2.4. Statistical analysis
Statistical signiﬁcance in multiple-group comparisons was
assessed using a one-way analysis of variance (ANOVA), followed
by Tukey's honestly signiﬁcant difference adjustment for multiplecomparisons. Categorical data were compared using the χ2 test
with Yates correction for 2 × 2 tables. These statistical values were
calculated using SPSS Base 11.0J. Data are expressed as means ± 1
SD (standard deviation). A value of p b 0.05 was considered to repre-
sent statistical signiﬁcance.
3. Results
3.1. Baseline characteristics of patients
Table 1 summarizes the features of the patients with ICM (n= 32),
anterior MI (n=37), and inferior MI (n=34). Age and sex did not dif-
fer signiﬁcantly among the three groups. Mean EF was signiﬁcantly
lower in the group with ICM than in the anterior MI or inferior MI
(31.0% vs. 46.3% and 52.7%, respectively). Mean left ventricular diastolic
diameter (LVDd) was signiﬁcantly more dilated in the group with ICM
than in those with anterior or inferior MI (63.1 mm vs. 51.8 mm and
49.5 mm, respectively). The coronary angiographic ﬁndings were
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rior MI, because they had a higher ratio of triple-vessel disease (TVD)
(66% vs. 24% and 38%, respectively). Signiﬁcantly more patients with
ICM had a history of CABG. Only patients with ICM had an implantable
cardioverter deﬁbrillator (ICD, 18.7%) or a cardiac resynchronization
therapy deﬁbrillator (CRTD, 9.4%), in which cases the ECGwas recorded
before the implantation of the ICD or CRTD device. The complication of
symptomatic ventricular tachycardia or ventricular ﬁbrillation, the so-
called lethal ventricular arrhythmias (L-VA), was more frequent in the
ICM group than in the other groups.
3.2. Frequency analyses using continuous wavelet transform
The upper panel of Fig. 1 shows representative landscape forms of
WT-ECG signals from lead V1 in a healthy individual. The magnitude
of the frequency power in these scalograms is expressed as a change
in color from red (greater magnitude) to blue (smaller magnitude).
The middle panel shows a three-dimensional representation of a WT-
ECG signal from a single beat. We quantitatively compared the power
of WT-ECG signals among the different QRS complexes by integrating
the time–frequency power of every 80 lines into aWT-ECG signal rang-
ing from 5 to 300Hz (the frequencies of 5 Hz or less are contained in the
other ECG waveforms, e.g., J or T wave) during the 120 ms from the
onset of the QRS, in order to measure the integrated time–frequency
power (ITFP). This integral time section surrounded with red frames is
represented in the middle panel of Fig. 1. In lower panel of Fig. 1,
the mean ITFPs from healthy individuals at corresponding frequenciesFig. 2. Comparison of WT-ECG signals among normal individual, anterior MI and ICM. WT-ECG
corresponding to the ECG (V1) ranging from5 to 300Hz. Lower panelsA, B, and CdemonstrateW
myocardial infarction; ICM, ischemic cardiomyopathy; Normal, normal individual.(n= 40) were plotted on the frequency axis to obtain the distribution
of frequency power within the QRS. The dominant frequency power
within a normal QRS (V1) was from 10 to 40Hz, and decreased smooth-
ly as the frequency become higher. Few frequency powers were evident
at over 80 Hz. In normal cases, 97.6% of the total frequency power of the
QRS was contained within 80 Hz or less.
Fig. 2 demonstrates the comparison of WT-ECG signals among nor-
mal individuals (panel A), anterior MI (panel B), and ICM with anterior
MI (panel C). The WT-ECG signals in each upper panel were not ob-
served as different speciﬁc features, regardless of the different patholog-
ical states. However, differentWT-ECG signals were observed when the
frequency bands b80Hzwere cut off and signal intensitywasmagniﬁed
40 times. The higher frequency power in ICM was clearly greater and
continued for longer throughout the QRS, even though the conﬁgura-
tion of the QRS and WT-ECG signals (upper panels) in ICM was similar
to that in normal individuals. Above data indicate that HF-QRS is im-
mersed in the QRS as invisible information.
We previously studied the beat-to-beat variations of WT-ECG sig-
nals, and found that they accompanied the respiratory movement
[18]. According to our data, we averaged six consecutive WT-ECG sig-
nals, because one respiratory cycle usually corresponds to the time for
3–6 beats. Thus, ITFP values were measured from six consecutive QRS
complexes in an individual and averaged for each of 80 frequency
bands. In order to understand the signiﬁcance of frequency power, we
classiﬁed the frequency range into three zones: low-frequency QRS
power (LF-QRS; 5–15 Hz), mid-frequency QRS power (MF-QRS;
15–80 Hz) and high frequency QRS power (HF-QRS; 150–250 Hz).signals with landscape form in upper panels A, B, and C show the time–frequency power
T-ECGsignalswith a cut-off at a frequency of 80Hzor less. Abbreviations: Ant.MI, anterior
Fig. 3. Sum of ITFPs from each ECG of lead V1 and II in three frequency zones. Panel A shows the sum of the ITFPs (ITFP-sum) from 5 to 15Hz (low frequencyQRS) from lead V1 (black bars)
and lead II (gray bars), compared among patients with MI or ICM and healthy individuals. Panel B shows ITFP-sum from 15 to 80 Hz (mid frequency QRS). Panel C shows ITFP-sum from
150 to 250Hz (high frequencyQRS). The expressions of both panels B and C are the same as panel A. Abbreviations: Ant.MI, anteriormyocardial infarction; ICM, ischemic cardiomyopathy;
Inf. MI, inferior myocardial infarction; Normal, healthy individual; ITFP-sum, sum of integrated time–frequency power between optional frequency zones.
Fig. 4.Distributions of normalized ITFP on the frequency axis in three groups. See the explanations in the text. ⁎p b 0.05: anteriorMI or inferiorMI or ICM vs. healthy individuals, †p b 0.05:
anterior MI vs. ICM, ‡Inferior MI vs. ICM. Abbreviations: ITFP, integrated time–frequency power;MI, myocardial infarction; N, healthy individuals; ICM, ischemic cardiomyopathy; Ant. MI,
anterior myocardial infarction; Inf. MI, inferior myocardial infarction.
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182 T. Tsutsumi et al. / IJC Heart & Vessels 4 (2014) 177–187Fig. 3 represents the sums of mean ITFP values (ITFP-sum) in frequency
zones concerned and compares these among the healthy individuals
and the patient groups. The mean ITFP from lead V1 was different
from that of limb lead II; black bars indicate the ITFP from V1 and gray
bars that from lead II. Comparisons of ITFP-sum among groups of pa-
tients and healthy individuals were almost identical for the ITFP-sum
from V1 and from II. That is, ITFP-sum of both LF-QRS and HF-QRS was
signiﬁcantly greater in patients with ICM than in the other two groups;
in addition, ITFP-sum of MF-QRS was signiﬁcantly smaller in patients
with anterior or inferior MI than in those with ICM or healthy
individuals.
Fig. 4 represents the ratios of ITFP from patients to the mean ITFP
from healthy individuals (normalized ITFP) at each corresponding fre-
quency from5Hz to 294Hz, as ameans of erasing the effect of a different
normal ITFP value between leads V1 and II. The open triangles on the blue
line show thenormalized ITFP plus SD in patientswith ICM (n=32); the
open squares and yellow line refer to anterior MI (n=37) and the open
squares on the gray line to inferiorMI (n=34). As seen in Fig. 4, the nor-
malized ITFPs of anterior MI and ICM increased to over 1.0 in the range
from 5 to 10 Hz and decreased as the frequency become higher. The
values crossed the 1.0 threshold at the black dotted line around 15 Hz
and decreased below 1.0 from 15 to 65 Hz. Normalized ITFPs marked
by asterisks show the signiﬁcant differences between ITFP values in the
patients and those in healthy individuals. We presumed that the fre-
quency power between 5 and 15 Hz may have a different origin than
that above 15 Hz. Thus, we classiﬁed data into two frequency zones
b80 Hz. Normalized ITFPs above 77 Hz including HF-QRS from 150 to
250 Hz increased to over 1.0 in ICM. Normalized ITFPs in ICM marked
by daggers show the signiﬁcant differences in ITFP between anterior
MI and ICM. Normalized ITFPs marked by double daggers show the sig-
niﬁcant differences in ITFP between inferiorMI and ICM. The representa-
tive ECGs are shown in the right panels of this ﬁgure. The difference in
normalized ITFP between inferior MI and ICM at LF-QRS seems to be
partly related to the different conﬁguration of the QRS, that is, rS in
ICM and QRs in inferior MI.
The clinical course of normalized ITFP from two interesting cases
whose ECGs were recorded 1 year after their hospitalization isFig. 5.Normalized ITFP in leadV1 at the 5th day of hospitalization and after 1 year—superimpose
B. Abbreviations: AMI, anterior myocardial infarction at the 5th of hospitalization; Normalized-
HF-QRS, high frequency QRS (150–250 Hz); MF-QRS, mid frequency QRS (15–80 Hz); LF-QRS,represented in Fig. 5. Case A was a 76 year old male who underwent
PCI for acute anterior MI (peak CK-MB, 192 IU/L). Signiﬁcant stenosis
of his coronary arterieswas found in segments 1, 2, 7 and 13 (triple-ves-
sel disease), and ventriculography showed low cardiac function: EF,
32%; LVDd, 58mm. He promptly underwent CABG.When recurrent ep-
isodes of ventricular ﬁbrillation (L-VA) subsequently occurred, he was
treated with an ICD. Three months after these therapies, he had neither
L-VA seizures nor heart failure. The distribution of the normalized ITFP
on the frequency axis in his chest lead V1 on the ﬁfth day of hospitaliza-
tion (blue line) and after 1 year (orange line) is illustrated in the upper
left panel. The normalized ITFPs of MF-QRS decreased during the sub-
acute phase of anterior MI. After 1 year, they increased in MF-QRS and
HF-QRS, and decreased in LF-QRS. In addition, his follow up coronary
angiogram showed that EF improved from 32% to 45%, and LVDd short-
ened from 58 mm to 53 mm.
Case B was a 59 year old male who underwent PCI for acute anterior
MI (peak CK-MB; 84 IU/L)with RHF and ventricular tachycardia (L-VA).
Signiﬁcant coronary artery stenosiswas found in segments 1, 2, 6 and 13
(TVD), and the ventriculography showed low cardiac function: EF, 24%;
LVDd, 65mm. The patient underwent CABG. However, after a relapse of
recurrent symptomatic LVA with RHF, he was admitted to the hospital
for ICD implantation after 1 year. Before ICD implantation, his ECG
was recorded. Reexamination of the coronary angiogram showed that
EF had decreased from 24% to 20%, whereas LVDd had not changed.
The normalized ITFPs of MF-QRS decreased during the sub-acute
phase of anterior MI (blue line) and those after 1 year (orange line)
were without signiﬁcant changes. In contrast, the normalized ITFPs of
LF- and HF-QRS increased after 1 year. The changes in ECG waveforms
are represented beneath both panels; small r waves slightly increased
in both cases, but QRS duration was shortened from 101 ms to 95 ms
in case A, whereas in case B it lengthened from 85 ms to 108 ms.
3.3. Two-dimensional computer simulation model with
ﬁbroblast–myocyte coupling
Fig. 6 shows the results of the simulation study. Panel A shows the
spatial distribution of the transmembrane voltage at 14 ms after thed for comparison. Left and right graphs, including ECGs, show thedata from caseA and case
ITFP, ITFP from patients divided bymean ITFP from normal individuals in every frequency;
low frequency QRS (5–15 Hz).
Fig. 6. Results of two-dimensional computer simulation incorporated into ﬁbroblasts. See the explanations in the text.
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cold colors indicate positive and negative potentials, respectively. Jag-
ged excitation fronts are evident because many ﬁbroblasts were
intermingled with myocytes (r = 1.0) that simulated a pathological
state. The blue arrow indicates the region of the excitation front
where, due to the electrotonic effects of adjoining ﬁbroblasts, myocytes
do not fully depolarize and the spatial gradient of themembrane poten-
tial becomes rather small; hence the EMFwas low around this region in
panel A. On the other hand, in a local areawhere theﬁbroblast density is
low by coincidence, themembrane potential rose to about 30mV, as in-
dicated by the yellow arrow in panel A. To easily recognize the shapes of
excitation fronts, panels B and C represent only EMFs generated at exci-
tation fronts along the ﬁber orientation and the EMFs perpendicular to
the ﬁber orientation. Panels D and E show pseudo-QRS along and per-
pendicular to the ﬁber orientation calculated from the total sum of in-
stantaneous EMFs during excitation, respectively. The EMF in panel B
was positively high, because of the generation of a large spatial gradient
of membrane potential. The effects of the ﬁbroblasts appear as small
ﬂuctuations on the pseudo-QRS enclosed by the gray circle in panel D,
which is enlarged in panel E. The EMFs perpendicular to ﬁber orienta-
tion were smaller compared to those parallel to ﬁber orientation, col-
ored with blue in panel D. The pseudo-QRS enclosed by the light bluecircle in panel Dwas the pseudo-QRS perpendicular to ﬁber orientation,
which is enlarged in panel F.
Fig. 7 shows that the spatial distribution of transmembrane voltage
and the time–frequency power of the pseudo-QRS along the ﬁber orien-
tation changed with increasing r values. The three upper panels show
transmembrane potential distributions when the excitation front
reached the center of the tissue model. The excitation front becomes
more irregular as r increases from panel A to C, and the dark areas be-
hind the front becomemore conspicuous, indicating that themembrane
potentials decreasemore rapidly after excitation because of electrotonic
interactions between ﬁbroblast–myocyte couplings. The middle panels
show wavelet-transformed pseudo-QRS signals. The expression of
wavelet contours is the same as that in Fig. 1. The longitudinal and trans-
verse axes show the frequency from 20 to 500 Hz and the time course of
signals that correspond to those of the pseudo-QRS. Lower tracings in
panels A, B, and C show the pseudo-QRS, whose durations were
prolonged to 24, 28 and 45 ms as r values increased (r= 0.5, 1.0, 2.0).
The two upper panels of Fig. 8 show the dependence of the time–fre-
quency power distributions on the r values from 0.5 to 3.5. To compare
among ITFPs with different durations depending on the r value as
shown in lower panels of Fig. 7, each ITFP was divided by the number
of samples. The upper left panel shows the simulated ITFP on frequency
Fig. 7.Distribution of transmembrane voltages during excitation andwavelet-transformedpseudo-QRS signals associatedwith increase inﬁbroblast–myocyte ratio (r). Sampling rate of P-
QRS was 2000 Hz. Morlet function served as analyzing wavelet. Abbreviations: r, ﬁbroblast–myocyte ratio; CV, conduction velocity; P-QRS, pseudo-QRS.
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tion to that from the pseudo-QRS perpendicular to the ﬁber orienta-
tions. The simulated ITFP from 150 to 250 Hz, similar to the frequency
range of HF-QRS, increased when the r value was 1.0, while values
b80Hz increasedwhen the r valuewas 2.0 ormore.We quantiﬁed sim-
ulated ITFP by the sum of simulated ITFPs every 4 Hz (ITFP-sum) from
150 to 250 Hz. The upper right panel shows the relation between
ITFP-sum and r values. ITFP-sum abruptly increased when the r values
changed from 0.5 to 1.0, and maintained its values from 1.5 to 2.5, sub-
sequently decreasing at 3.0. The lower two panels demonstrate amech-
anism of the genesis of high-frequency power. The jagged excitation
fronts starting from the left edge of the model (r= 1.0) and the direc-
tion of unit vectors colored with brown are illustrated in the lower left
panel. The time-dependent changes in the direction of unit vectors oc-
curred every 4ms or 6ms, whichmay reﬂect the frequency component
of pseudo-QRS corresponding to 150–250Hz. The lower right panel rep-
resents the EMFs located on the thick orange line in lower left panel
whose transit time was from 12 ms to 20 ms. The EMFs decreased
from 16ms to 18ms as indicated by the orange triangle, where the con-
duction speed was slow.
4. Discussion
The major ﬁndings of this study were as follows. 1) Time–frequency
analysis of QRS complexes using CWT can offer new information addi-
tional to ECG ﬁndings, especially HF-QRS, which cannot usually be cap-
tured in the ECG waveform. 2) The QRS frequency proﬁle is
characterized by an increase in LF-QRS and HF-QRS in ICM, with a low
EF and a higher incidence of L-VA, and a decrease in MF-QRS in MI pa-
tients during the sub-acute phase. 3) From the results of the computer
simulation, the increase in HF-QRSmight be ascribed to abnormal irreg-
ularity of the excitation front, reﬂecting the increased density of micro-
ﬁbrous tissues (r N 1.0) in local regions of the cardiac ventricles.
4.1. Time–frequency analysis within QRS complex
As previously known, the accuracy of time–frequency analysis using
STFT is limited by the uncertainty principal, but CWT can still providesigniﬁcant improvement. CWT decomposition has an advantage over
STFT in that local spectral and transient information can be elucidated
[12]. When we analyze the HF-QRS, the SAECG has generally served as
a data acquisition resource to reduce muscle and mechanical noise [5].
However, the disadvantage of the SAECG is that any trigger jitter in
the ﬁducial point acting as a low-pass ﬁlter by signal averaging will at-
tenuate HF-QRS signiﬁcantly [5]. Some studies have found that single-
beat analysis is superior to SAECG analysis for capturing abnormal
high frequency signals within the QRS, if baseline drift and visual
noise are not observed in the ECG record [17–19]. The settings of inter-
nal ﬁlters are sometimes an industrial secret. If so, ECG records are ob-
tained using the same device, and also the difference in WT-ECG
signals is better expressed as its ratio [18]. Thus, the normalized ITFP
on the frequency axis was adopted for the comparison among patients
groups as shown in Figs. 4 and 5.4.2. Low- and mid-frequency power within the QRS
Mor-Avi and Akselrod investigated the spectral analysis of epicardial
bipolar electrograms immediately after canine coronary occlusion, and
noted that the spectral power in the mid-frequency zone (40–150 Hz)
decreased, whereas in contrast, it increased in the low-frequency zone
(2–40 Hz) up to 140% of the control value after 500 heart-beats. The in-
crease appeared to be related to the prolongation of the QRS duration
[22]. Other previous study noted that low frequency wavelet from 4 to
8 Hz was of signiﬁcance in the post-MI plus L-VA patients with longer
QRS duration [23]. These investigators' conclusions can explain our ob-
servation that LF-QRS increased or decreased according to the increment
or decrement of QRS duration in lead V1 or in the pseudo-QRS duration,
as shown in Figs. 5, 7, and 8. The LF-QRS was also dependent upon the
morphological changes of the QRS, as shown in Fig. 4, whichmay be an-
other factor inﬂuencing LF-QRS. The present ﬁnding thatMF-QRS signif-
icantly decreased in bothMI groupsmight be due to the loss of local EMF
after myocardial cell necrosis. Thus, the ITFP could be a useful subsidiary
way of diagnosing MI in the absence of an abnormal Q wave. The re-
duced ITFP was also observed in experimental hypertrophied heart,
where the proliferation of ﬁbrous tissues was recognized [19]. If the
ITFP decreases over the wide frequency range in post-MI patients,
Fig. 8. Relationship between ﬁbroblast–myocyte ratio (r) and distribution of frequency power. See the explanations in the text. Abbreviations: ITFP, integrated time–frequency power;
ITFP-sum, sum of ITFP every 4 Hz between optional frequency zones.
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able decrease in both MF-QRS and HF-QRS were observed in this study,
and two of them died within 1 year.4.3. High-frequency power within the QRS and ischemic cardiomyopathy
Previous studies noted that a reduced QRS amplitude of ﬁltered
high-frequency signals (80–300 Hz or 150–250 Hz) has been demon-
strated in post-MI [6,7,24],while theﬁltered high-frequencyQRS ampli-
tude (150–250 Hz) increased about 30 min after thrombolytic therapy
(reperfusion period) [25]. Novak et al. studied the time–frequency anal-
ysis based on the modiﬁed Wigner distribution of the QRS during the
early (10–15 days) and the late (6 months) phases of MI [13]. Their re-
sults showed that the high-frequency power (90 Hz or more) increased
in post-MI patients in both stages. The studies related to HF-QRS were
inconsistent, and seemed to dependon the stage ofmyocardial ischemia
and themethod of analysis [6,7,13,17,24,25]. Therefore, the comparison
with the clinical course of both the frequency proﬁle of QRS and ECG, asshown in Fig. 5, may be meaningful for understanding the pathological
status.
As shown in Table 1, ECGs from ICM patients were recorded 39.6 ±
48.0 months after the ﬁrst heart attack. ICM patients had severe cor-
onary stenosis with low cardiac function, and complicated by L-VA in
a higher percentage (38% of total cases), in comparison with other
groups. In contrast, ECGs fromMI patients without ICMwere record-
ed during the sub-acute stage from 6 to 8 days after the ﬁrst heart at-
tack. The ﬁbrous tissues may not have fully proliferated in these MI
patients, whereas in ICM patients, during the longer period elapsed
and the repeated ischemic state after the ﬁrst heart attack, the ﬁ-
brous tissues and hibernating myocardium had been developing in
their hearts, leading to a reduced EF and an increase in the occur-
rence of L-VA [16].
4.4. Computer simulation study
At present, micro-ﬁbrosis has not been fully captured, despite recent
advances in costly cardiac imaging techniques, such as cardiacmagnetic
186 T. Tsutsumi et al. / IJC Heart & Vessels 4 (2014) 177–187resonance imagingwith late gadolinium enhancement (CMR-LGE) [26].
The CMR image can visualize peripheral blood perfusions or the meta-
bolic status of the ventricular muscle, but the information is not identi-
cal to the electrical phenomena generated by the heart. Hence, the
forward solution, using an appropriate computer simulation, can only
be applied presently to search for a connection between the propaga-
tion of micro-ﬁbrous tissues and the birth of abnormal high frequency
power.
Recently the role of ﬁbroblasts in myocardial conduction has been
attributed to abnormal excitable tissue at the border zone between
the infarcted and normal myocardial tissues [27,28]. We adopted the ﬁ-
broblast as a ﬁrst approximation of abnormal excitable tissue. Non-
myocyte cells in a healthy heart mainly comprise N50% ﬁbroblasts,
which account for b25% of the volume of the working myocardium
[29]. Therefore, the present model, in which ﬁbroblast density (r) was
0.5, is presumed to be close to that in nearly normal myocardial tissue.
The high-frequency power (150–250 Hz) obtained from the pseudo-
QRS abruptly increased at the r value of 1.0 and maintained its value
of 2.5 in this study. This study also demonstrated that a mechanism of
HF-QRS might be the periodic variation from 4 ms to 6 ms in the direc-
tion of the unit vector that corresponds to the wavelengths of HF-QRS,
following the progress in jagged excitation fronts. Hence, HF-QRS can
appear when a similar increase in ﬁbrous tissue occurs in local regions
of the ventricles of the patients with ICM. This supports our hypothesis
that the detection of abnormal high-frequency power within QRS is
linked to an increase in the ﬁbrous tissue density in local regions of
the human heart.
4.5. Limitations
The study focused only on patients with MI and ICM. However, ﬁ-
brous tissue proliferation plays a role in structural remodeling
caused by aging, hypertensive hypertrophy, and dilated or hypertro-
phic cardiomyopathy. The same issues should be analyzed in these
pathological states and compared with the present ﬁndings. A
three-dimensional computer simulation should be established to
precisely quantify the high-frequency power. In addition, it has not
been studied what a speciﬁc electrocardiographic lead is desirable
for time–frequency analysis using CWT. Despite these limitations,
the present ﬁndings present the ﬁrst effort to determine the relation-
ship between the distribution of time–frequency power within QRS
and the density of ﬁbrous tissues in the human heart.
5. Conclusions
The frequency powerswithinQRSwere calculatedusingCWT for pa-
tients withMI (n=71) and ICM (n=32) patients, andwere quantiﬁed
as integrated values of WT-ECG signals during the QRS. The QRS fre-
quency proﬁle was characterized by an increase in LF-QRS and HF-
QRS in ICM patients in whom the incidences of RHF and L-VA were
higher than other groups, and by a decrease in MF-QRS in MI patients
during the sub-acute phase of the ﬁrst attack. An increase in HF-QRS is
an invisible and speciﬁc feature of frequency analysis of QRS. Our 2-D
computer simulation model showed that, if the ﬁbroblast–myocyte
ratio was between 1.0 and 2.5, the higher-frequency power from 150
to 250 Hz increased. The increase in HF-QRSwithin the QRSmight indi-
cate extended ﬁbrous tissues and hibernating myocardium in local re-
gions of the human cardiac ventricles, which may explain the
occurrence of RHF or/and L-VA.
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